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Figure 1. Nicotine enantiomers.

enantiomers (50:50),” which could be enriched to groduce
~99% (S)-nicotine, increasing the cost of its synthesis.

Nicotine enantiomers have similar physical and chemical
properties, yet in vitro and in vivo studies have shown that they
have different pharmacological and toxicological properties.**"”
For instance, studies have reported that (S)-nicotine is more
toxic than (R)-nicotine in multiple species.'"”'> Consequently,
the racemic mixture of nicotine is more toxic than (R)-
nicotine.'' Moreover, in vivo imaging studies and behavioral and
performance tests on animal models have shown that (S)-
nicotine is significantly more active and pharmacologically
potent (up to 9—28 times) than (R)-nicotine."’ Likewise, in
vitro studies on animal cell lines and tissues have reported higher
activity on nicotinic receptors of (S)-nicotine compared to (R)-
nicotine.'* However, the impact of this stereoselective binding
of nicotine and different pharmacological potency on humans
has not been tested. Nevertheless, the interest in racemic
nicotine mixtures, i.e., TFN, was recently revisited by electronic
cigarette (ECIG) manufacturers, like PuffBar and others, to
exploit a loophole in the US FDA’s regulatory authority that
restricted its oversight of tobacco-derived nicotine.”'> This
loophole was recently closed, and the U.S. Food and Drug
Administration (FDA) now regulates nicotine from all
sources. °~

The uncertainty about TFN’s pharmacological and toxico-
logical effects in humans and the promotion by ECIG
manufacturers of TFN as reduced-risk compared to TDN
necessitates the development of several analytical methods to
resolve/quantify nicotine enantiomers and/or discern the

source of nicotine.”” For this purpose, several methods were
developed using polarimetry, liquid chromatography (LC), gas
chromatography (GC), nuclear magnetic resonance (NMR)
spectroscopy, and accelerated mass spectrometry (AMS). This
systematic review describes the various analytical methods that
were reported in the literature to separate and/or quantify
nicotine enantiomers and provides an overview of isotopic
enrichment methods used to determine nicotine source.

B METHODOLOGY

Search Method. On August 8, 2022, a literature search on
PubMed and Web of Science databases with no time restriction
was conducted using the following terms: (“Synthetic
Nicotine”) OR (“(R)-Nicotine”) OR (“(S)-Nicotine”) OR
(“Racemic Nicotine”) OR (“Nicotine Enantiomers”).

Inclusion Criteria. Publications were included if the original
data focused on the separation of nicotine enantiomers or on the
development of analytical techniques to differentiate TFN from
TDN.

Exclusion Criteria. A publication was excluded if it does not
report separating nicotine enantiomers or developing analytical
techniques that differentiate TFN from TDN. Additionally, non-
English, and not peer-reviewed articles were excluded.

Study Selection and Data Extraction. Two reviewers (SS
and FHM) independently examined the title and abstract of
each record to evaluate its eligibility. In case of disagreement, a
third reviewer (RH) was available to reach a consensus. Records
that met the study requirements were then collected for full-text
reading and data extraction. All the reviewers met to cross-
validate and discuss the extracted data. The data included the
techniques used, the scope of application, and outcomes.

B RESULTS

Included Studies. The search yielded 605 records on two
databases. An additional 5 references were retrieved by hand-
searching the references. After removing duplicates, a total of
389 records were screened by titles and abstracts for inclusion. A
total of 362 records were removed at this stage and the full texts

Records identified through
database searching (n=605)
[PubMed (n=262)
Web of Science (n=343)]

Additional records retrieved
by hand-searching the
references (n=5)

\4

v

(n=389)

Records after duplicates removed

Records excluded at title/abstract
(n=362)

A 4

(n=27)

Full-text articles reviewed

Full-text articles excluded, with
reasons (n=4)

Y

Not reporting the separation of
nicotine enantiomers; not
developing analytical techniques
to differentiate TFN from TDN.

Studies included
(n=23)

| Inclusion | I Eligibility || Screening | | Identification |

Figure 2. PRISMA diagram summarizing the process of literature selection. Reasons for exclusion of a publication: not reporting the separation of
nicotine enantiomers or not developing analytical techniques to differentiate TFN from TDN.

335

https://doi.org/10.1021/acs.chemrestox.2c00310
Chem. Res. Toxicol. 2023, 36, 334—341


https://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00310?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00310?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00310?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00310?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00310?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00310?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00310?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00310?fig=fig2&ref=pdf
pubs.acs.org/crt?ref=pdf
https://doi.org/10.1021/acs.chemrestox.2c00310?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

REVIEY

pubs.acs.org/crt

Chemical Research in Toxicology

[osore HIDHF woy 1eyew ajemdonted pue ‘spmbi-a ‘syonpord 0ddeqoy pajesy
pue sapjaredd s[qusnquIod woiy Aows ‘03eqo) Jo sadA) Jusropp ‘oum amsodxs pue
saanjeraduwa) Juazagrp e sajez£[014d SUNOITU UT SUNOIIU JO OIJEI ILIDWONULUS JO UOTEN[eAT

spnpoid
NAL pue sjonpoid 055€qo) [EDIWWOD Ul UNOIIU JO ONJEl JLIDWIONURUI JO UOHEN[eAT

spnpoid
0238q0) Jo d3ue1 IpIM puE 035B]O) Ul SISWONUEBUS PIO[E[E 0IIBQO) JO UOHBUIULIID

wmﬁm@ﬁmum Jrurader uﬁ&k&.@:u ur m—uﬁﬁO&EOu —UMHNAU.TOESOUM: .«O :O._uwuwnﬁuw Jupwonueuy

PIepUL)S SUNOOIU UI SIDOWONUERUS dURodIU jo uoneredsg

syuadear [eprawwod pue ‘syonpoid [eonnesewreyd Jes| 03oeqoy
Jo surens ‘mOUUNn—Ou SS9 OIS UT 9UTI0JIU JO ﬂOﬁMwOQEOU JLIPWONUBUS 3} JO UOTIRUTULIAI (]

pIEpUe)S SUMODTU UT SIDWONUERUI dUnodIu jo uonesynuenb pue uoneredsg

stsajuhs 939[dwod 10 uoneziwadel Aq paureqo sapduwres JUNoOIU Jo UONN[OSAI dLIDWOURUT

spunodwod paje[a1 1Y pue JUNOIIU dIWdEI Jo uoneredas dSuLwoOnUEUY

©3I0Y YINOS ur pos spmbiy
-3 Ul pue s1aows pmbij-2 WO BAI[ES PUB SULIN UL SISWOST JUIOIIU JO SISA[EUE dAIIEIIUBIY)

spmbif-2 Ieg ynJ JUSISPIP UI ONEI JLISWONUBUS JUNOIIU JO UOHBUIULINAJ
aunootu (§) -(—) aesfjo14d ay Jo Lyund dSuPWONRULUS YY) JO JUIWAINSEIA

sajdures odoeqo,
(0T pue spIepue}s dTWAdEI Ul 9UIJOdIU JO ﬁOﬁ_mOQEOU JLIWONUEUS 3} JO UOIRUTUIIAIL (]

ayows say3a1edn
JUSIBJIP UI WEIISIPIS PUEL WILIISUTEW UT SUHOIIU JO UOHNGLISIP ILIDWONURUD JO SIsA[euy

J)esuapuod axows 3)321e3D pue ‘S035eq0) Jo SPUI[q
‘SAT)ATIBA 03580 [ENPIATPUT ‘S[ELIDEUI J93YS 0JDBQO) PIINJISU0daI ‘suotsuadsns 03oeqo)
passad01d ‘spass 032eq0) JO SIOBIXS UI SISWONURUS dUNOdIU Jo uonesynuenb pue uoneredag

SUNOdIU-(3Y) PUE JUNOIIU JUWAIET JO SIAEALIDP dpIwIe proe uEEQEau.AIV Jjo uoneredag
spmbi-a req JnJ JUSISPIP UI OIjel DLIDUWIONURUD SUNOIIU JO UORUTUWIdR(

spunodwod aY[[-aunodIu pue sprofeye 035eqo) Jo Lund SLIPWONURUS JO UOHEUIULINAJ
sexds [eseu pue ‘siojefeyur

‘sayoyed uondiosqe unys ‘swng Surmaypd ur sunosmu Jo Ajund SLPWONUEUS JO UONEUIULIAA (]

sojdures aunjootu Jo £jund SLISWONUEUD AIE[AI 3Y) JO UOHEIUEIY)

sojdures aunodIU pIEpUE)S UT JUNOIIU JO ONEI JLPWONULRUS JY) JO UOHBUIULINAJ

spmbi[-d Ieq JnJ JUSIAPIP UI ONEI ILIDWONULUS JUNOITU JO UOTJRUTULIAI (T

sardureg

oy ‘reax

8T ‘TT0T

0T ‘L10T

¥ ‘610T

1T ‘810¢

0€ ‘8661

1 ‘8661

S€ ‘€661

9T ‘8861

LT ‘L861

€ ‘170t
8 ‘170¢
7€ ‘010C

6T ‘800C

+€ ‘8661

€€ ‘8661
ST ‘8861
8 ‘170¢

€T 9661

T Y661
9€ ‘T661
€T ‘9661

8 ‘170¢

utw § & g

urr g & 3y

urmua 0T &~ N

s8I~ N

ur §7 & 1

umr ST & 1

uu & g

4~
LU 6hT & T
U 6e & Y

u ¢/ & 3

un 641 & 1

u 6ST & 1

U g & R

%A (ST*S8)
[oueyyy :duexa :aseyd spqop
903
(T°0:001) @3e390€0IONRLL WNIU
-owrwe:[oueyIdA :aseyd I[IqOA
%A
(01:06) [ouEyIaW pue SpOIpAY
WNIUOWIWE 945€°() YIM djer
-103 winuowrury :aseyd J[IqoAr
%M (T°0:00T) )eULIO} Wnru
-owrure:[ouey)dIA :aseyd S[IqoIA
%A (T0°0'86'7S6)
proe dradeoronpLy
‘[oueyjour:auexay :aseyd GO
9%A (SLEO'0:SLO'OST:SS)
QUIUEBAY)IWII: IO D1}IIEOION]]
-11):[oueyja:auexa] :aseyd a[IqoA
(joueyjowr) pue (pioe srouedsp
pue ayeydsoyd wmnissejodi()
urexdoxd Areurq :aseyd apiqoj

93¥390€ WNIUOWWEAYIALY SNO
-anbe /a[muo3aoy :aseyd a[IqojA

(08:07)

19JeM—3[L1JIUOIIIE UI pajerny
-es ULIXapo[d£d-¢ :aseyd I[IqojA

(quw 9% X
057) €-(O P2eny) uwnjo)
(‘P19 X 00T) aseyd
Areuoness Terryd apndad
0943 s1pA>0IRA Um0

AEEwa%s

dOvV M_NMWHEU ‘uwnjo)
(p1 uw 9

X 0S) [RYSOIIN :uwnjo)

(p1 ww 9p ‘wo
$7) [0 Pa[eIYD suwnjo)

(prud 940
‘S7) [0 PAEIYD uwnjo)
AEw\ S r—u
Tww 04 ‘007) ureordod
-A3 poe-1o [ey) ‘uwmo)

(W 940
‘§7) UIXapO[ILd-¢ uwnjo)

('p1wrf ST ‘wiy) uwn
-[020101W PO ‘UWNjo))

(wrf 2170 P11 ‘Www ST ‘WOT) VI-D XAATVIIHD ‘uwnjo)
(wrf §T°0 PT ‘wwr G0 ‘WQE) 07T XA ‘uwm[o)
AEi ST'0 pPT ‘ww §7°0 \Eomv m?oﬁo_uku uwnjo))

(wr 770 T ‘ww 70 ‘WQ9) gXIPOPAD-g ‘uwnjo)

(wrf §7°0 'PT ‘W §T°0 ‘W O¢) XAAG-TY PUE gXPOPAD ruwm[o))

(ww 770 ‘WST) eds pasny $S-HS ‘uwnjo)

poe

suoydsoydAp-, zz-[fypydeurq- [ usfe Sumxajdwo)

poe

suoydsoydAip- zc-fyydeurq- [ uafe Sumxaidwo)

wniqron4-[ oyeroydures-(+)- AoawwﬁuoE
-£xo1pAy-[{yzawoIonpin )-¢]-sm uade unapdwo)

ZHIN 009 :£ouanbary

ZHIN 00§ :£ousnbarg
ZHIN 00% :£ousnbarg
ZH 001 :4ouanbary

I9)OWLIE[O] J1IEIS

VN

wu 8¢ je 1jpwLrejod jodoiny

SIN/SIN-O'T

SIW-OT
pue feire

Ipold-D1dH

SIN/SIN-OT
Aexre
dpord-D1dH

Aexre
SpoId-DT1dH

AN-OTdH

Aexre
SpoIA-DTdH

q3usy

-aAep) 9[q
“BLRA-DTdH

yi3uspaaepy
J[qeIeA-DT

SIN-DD

SIN-DD

SIN-DD
snroydsoyd
udadonIN-DD

2A1II[
-3g SSEN-DD
snioydsoyd

uwaBonIN-DD

AN H,

AN H,
AN H,

AN D¢
Anputrejog
Anputrejog
Anputrejog

SIawonueuy aUNOJIN JO EOSNU@..EQN—.—\NV pue uonesynuapy

s[re3d( [eyuawrradxy

POy

92IN0G JUIIODIN SUTULIAI( 0) JO/pue sIdWonuUeuy JUNOodIN Ajuer) pue deredag 0) pasn) SPOYIRN [edNA[euy Jo sonsLIddRIRyY)) T d[qeL

Chem. Res. Toxicol. 2023, 36, 334—341

https://doi.org/10.1021/acs.chemrestox.2c00310

336


pubs.acs.org/crt?ref=pdf
https://doi.org/10.1021/acs.chemrestox.2c00310?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Research in Toxicology

pubs.acs.org/crt

REVIEY

Table 1. continued

Samples

Year, Ref

Experimental Details

Method

Identification and Quantification of Nicotine Enantiomers

Evaluation of (S)-(—)-nicotine and (R)-(+)-nicotine in tobacco leaf, cigarette, smokeless
tobacco, and e-liquid samples

2018, 5

Rt &% 9 min

(98:2) v%
Mobile phase: Gradient elution

Mobile phase: Hexane: Methanol

(25 X 0.46 cm?)
Column: Chiral OD-H col-

Column: Chiralcel OD-H

HPLC

Quantitative analysis of nicotine isomers in urine and saliva from e-liquid smokers and in e-
liquids sold in South Korea

2021, 3

Rt & 7 min

using n-hexane and ethanol

umn (4.6 X 250 mm, 5
Hm)

Identification of the Nicotine Source

HPLC-UV
H NMR

Analysis of nicotine from tobacco leaves from different regions of the world.

1997, 37

Frequency: 76.7 MHz

SNIF
'H NMR-

Distinction between natural and synthetic nicotine samples

2019, 31

Frequency: 800 MHz

SPIR

AMS

Differentiation between TDN and TEN in e-liquids from different companies

2022, 22

Standard procedure ASTM D6866 that separates 4C from the other isotopes

“No complete separation, NA: not available.

337

of the remaining 27 articles were scanned. Accordingly, a total of
23 articles were included in the review."”™>®*°™*" Figure 2
shows the PRISMA diagram that summarizes the steps of the
selection process.

Results focus on summarizing the analytical methods that
were used to separate and quantify nicotine enantiomers and/or
to determine nicotine source.

Analytical Methods. /dentification and Quantification of
Nicotine Enantiomers. Nicotine enantiomers are identified/
quantified by specific analytical techniques. Their separation is
based on their reaction with a chiral substance such as chiral
complexing agents in NMR techniques or on their interaction
with a chiral stationary phase in chromatographic techniques.
Thus, diastereomers with distinct physical and chemical
properties are produced.*®

Polarimetry. The presence of (R)-nicotine and (S)-nicotine
can be identified using the polarimetry technique.****° A
sample of (R)-nicotine has been used to determine its
enantiomeric excess by the polarimetry method.”* This method
was performed to confirm the results obtained by conducting an
"H NMR experiment to determine the enantiomeric ratio of
nicotine isomers (vide infra). Although the polarimetry method
has not been frequently employed for e-liquid analysis, Duell et
al. used this method to report the presence of nicotine
enantiomers in Puff Bar e-liquids.” Optically active nicotine
enantiomers, (S)-nicotine and (R)-nicotine, are characterized
with specific rotations ([a]}’) of —169° and +169°, respectively.
A polarimeter, which measures the optical rotation («), is then
used to find the specific rotation and the enantiomeric excess of
the tested samples.”® TEN e-liquids of racemic nicotine mixtures
are expected to give an a value of 0.0°. On the contrary, slight
levorotation was observed (a values below 0.0°) in TEN e-liquid
samples. This might be due to the addition of flavors or excess
(S)-nicotine to the e-liquid. On the other hand, TDN e-liquids,
which primarily contain (S)-nicotine, would significantly turn
the plane of light dextrorotatory in comparison to the TEN e-
liquids. In addition to nicotine, e-liquid might contain chiral and
optically active flavoring compounds that lead to an alteration of
the optical rotation of the mixture. This results in imprecision in
finding the ratios of nicotine enantiomers. On another note,
depending on the nicotine production pathway, nicotine
common impurities (anabasine, nornicotine, cotinine, etc..)
may also have chiral centers that will possibly alter the optical
rotation, thus affecting the nicotine enantiomeric ratio
determination.””” Consequently, researchers tend to validate
the use of polarimetry with NMR spectroscopy or GC-MS
methods.®

Nuclear Magnetic Resonance. NMR spectroscopy is a
common technique that has been widely employed to identify
and quantify nicotine enantiomers.***** Jaroszewski and Olson
demonstrated that *C NMR spectroscopy is a useful method for
the assessment of enantiomeric ratios in nicotine samples using a
chiral lanthanide complex, tris-[3-(triﬂuoromethyl-h]droxy-
methylene)-(+)-camphorato]-ytterbium [Yb(tfc);].”* Since
proton resonances are broad and their chemical shifts were
found to be sensitive to small changes in the ratio between
nicotine and [Yb(tfc);], authors reported that *C NMR
spectroscopy is more favorable than 'H NMR spectroscopy in
detecting nicotine enantiomers.”* In 1996, Ravard and Crooks
described a general method to determine nicotine enantiomeric
composition using 'H NMR spectroscopy with a different chiral
complexing agent: 11'-binaphthyl-2,2'-diylphosphoric acid.*®
The 'H NMR spectrum of a racemic nicotine sample showed

https://doi.org/10.1021/acs.chemrestox.2c00310
Chem. Res. Toxicol. 2023, 36, 334—341
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two distinct multiplets attributed to (R)-nicotine and (S)-
nicotine enantiomers. More recently, Duell et al. used '"H NMR
spectroscopy to determine the ratio of (R)-nicotine to (S)-
nicotine in different Puff Bar e-liquids.® The authors used this
method to indirectly evaluate the nicotine source as TFN or
TDN. It should be noted that the interaction of nicotine with
added chiral complexing agent yields distant peaks in the NMR
spectrum.

Gas Chromatography. Many GC methods for differentiating
nicotine isomers have been reported.”®*>****~** In 1987, Jacob
et al. developed a GC method for determining the enantiomeric
purity of nicotine.”® This was achieved by demethylating
nicotine to give nornicotine that was then converted into the
amide derivative of (—)-camphanic chiral acid and then
separating the resulting diastereomeric amide derivatives on a
capillary GC. Results demonstrated that the enantiomeric purity
of (R)-nicotine and (S)-nicotine was greater than 98%. In 1998,
Perfetti and Coleman separated and quantified nicotine
enantiomers in a variety of tobacco materials and tobacco
smoke using two chiral GC columns (cyclodexB and Rt-
BDEX).** Results showed that near baseline resolution was
obtained for nicotine enantiomers. The authors reported that
2% is the limit for detecting the (R)-isomer in a mixture of (R)-
nicotine and (S)-nicotine. The same technique has also been
employed to determine the components of mainstream and
sidestream cigarette smoke.’* This study demonstrated that the
ratio of nicotine enantiomers differed in the mainstream smoke
of various cigarettes. In 2007, this method was modified by Liu
et al,, who used a longer chiral GC column of 60 m in length.29
The detection limit of (R)-nicotine in a mixture of nicotine
enantiomers was considerably improved to reach 0.5%.””*” This
led to a better-resolved determination of the ratio of (R)-
nicotine to total nicotine in cigarette smoke and tobacco
samples. In an attempt to assess the possible racemization of (S)-
nicotine during cigarette smoking simulated using a pyrolysis
chamber, Clayton et al. used a chiral GC column to separate
nicotine enantiomers in the pyrolysate.”” Results showed that
there was no rise in (R)-nicotine levels over a wide pyrolysis
temperature range.

Similar to their NMR assay, Duell et al. used a GC method to
differentiate between TDN and TFN e-liquids using a Beta DEX
120 GC column.” In a similar study, e-liquids were tested using a
chiral GC column (CHIRALDEX G-TA) but the nicotine
isomers retention times were considered excessively long, and
quantitative analysis was challenging because the peaks were not
entirely separated;” in response, the authors developed an LC
method to separate nicotine enantiomers.

Liquid Chromatography. Similarly, LC has been extensively
employed for nicotine chiral separation,*~>>%21267283035 1y
1987, Armstrong et al. reported the use of a packed LC
microcolumn with a mobile phase saturated with a chiral
selector (f-cyclodextrin) to separate nicotine enantiomers.”’
The baseline separation is usually reflected by a resolution factor
(R,) which is a quantitative measurement of the degree of
separation between two chromatography peaks.”” If R, is >1.5,
this reflects a baseline separation of the peaks.”” In this study,
nicotine enantiomers had a factor of 1.7, indicating that (R)-
nicotine and (S)-nicotine were well resolved.”” Compared to
traditional LC packed column methods, microcolumn LC offers
three additional benefits: more theoretical plates, fewer
quantities of the frequently expensive chiral additives for chiral
mobile phase work, and fewer volumes of samples/ solvents.”’
However, this was a time-consuming method with a long
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analysis time (4 h). Later, this same group evaluated the use of a
bonded S -cyclodextrin chiral stationary phase in the LC
reversed-phase mode for the separation of nicotine enantiomers,
but this separation could not be achieved.”® Demetriou et al.
developed a sensitive and reproducible LC method using a
commercially available chiral a;-acid glycoprotein stationary
phase and a binary solvent program consisting of dipotassium
phosphate and decanoic acid and methanol.”> Armstrong et al.
analyzed nicotine enantiomeric composition in a variety of
consumer products, natural products, and commercial reagents.1
The selected column for the LC method was the Chiralcel OJ
column with a stationary phase of silica gel and adsorbed
cellulose tris(4-methylbenzoate). Tang and co-workers de-
scribed an effective and efficient LC method that achieved the
optimum separation of nicotine enantiomers in a shorter elution
time. However, the elution order was opposite to that previously
reported by Demetriou et al.*>** This method utilized two
derivatized cellulose chiral stationary phases (tris(4-methyl-
benzoyl) cellulose) and tris(3,5-dimethylphenyl carbamoyl)
cellulose) operating in normal phase to separate (R)- and (S)-
nicotine. This study suggested that the choice of chiral stationary
phase, chiral selectors, and mobile phase composition can
significantly affect enantio-resolution and solute retention. The
use of chiral selectors or columns relies on the differential spatial
interaction of the two nicotine isomers with these molecules in
the mobile or stationary phase.

In 2018, Hellinghausen et al. accomplished a rapid
enantiosepartion of nicotine in less than 20 s (R = 2.6) using
an optimized ultrafast LC technique.”’ A modified macrocyclic
glycopeptide stationary phase was used with a mobile phase
composed of methanol and ammonium formate. Moreover, a
novel, rapid, and sensitive ultraperformance LC-MS/MS has
been developed in 2019 by Ji and co-workers.* After
optimization, the selected column was Chiralpak AGP, the
mobile phase consisted of ammonium formate with ammonium
hydroxide and methanol in an isocratic elution program.
Nicotine enantiomers in tobacco leaves and different tobacco
products were successfully resolved within 10 min. The same
group reported a rapid and effective LC-MS method for
determining the concentration of nicotine enantiomers in TEN
products using an LC equipped with a triple quadrupole MS.*’
The stationary phase was made of a modified macrocyclic
glycopeptide bonded to superficially porous particles. An
isocratic elution was carried out using a mobile phase of
methanol and ammonium trifluoroacetate and the results
demonstrated a very short retention time (less than 2 min)
with R = 3.0. In this study, the differences between various TDN
and TEN products were highlighted. All studied TEN products
contained a racemic nicotine mixture; however, only small
quantities of (R)-nicotine were detected in TDN products.
Similarly, a normal phase LC procedure was developed by
Zhang et al. to effectively separate (R)-nicotine and (S)-nicotine
in different TFN and TDN samples, and indirectly determine
the nicotine source.” Small quantities of (R)-nicotine ranging
from 0.02% to 0.76% were measured in the majority of the tested
samples much lower than that in TEN e-liquid and standard
racemic nicotine mixture (50%). They concluded that if the (R)-
nicotine ratio is around 1%, nicotine is expected to be naturally
derived from tobacco leaves, however, if this ratio is 50% or
100%, nicotine is assumed to be synthesized. Also, an LC
coupled with a diode array detector was utilized for a complete
separation of nicotine enantiomers in various e-liquids: natural,
and TEN. Only in TEN e-liquids, both enantiomers were
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detected in similar proportions.” Moldoveanu recently devel-
oped a method for the analysis of nicotine enantiomers using
LC-MS/MS from seven different commercial sources.”® The
Chiracel OJ-3 column was used to perform the LC separation in
isocratic conditions. The author detected a small percentage
(0.21-2.19%) of (R)-nicotine in commercially available
nicotine obtained from tobacco which varies depending on the
source of the tobacco and perhaps the extraction method. An e-
liquid advertised as containing synthetic (S)-nicotine was found
to contain a very low percentage of (R)-nicotine whereas a
racemic nicotine mixture standard was shown to contain 50/50
(R)/(S)-nicotine.

Identification of Nicotine Source. Indirect Identification of
Nicotine Source. As shown in the previous section, several
analytical methods have been used to separate and quantify (R)-
nicotine and (§)-nicotine in a wide variety of matrices. The ratio
of (R)-nicotine present in the sample helps in assigning the
nicotine source. However, if synthetic nicotine was purified to
become 99% (S)-nicotine, TFN becomes indistinguishable from
TDN if the previously described analytical methods were used.
Other analytical methods were found to be used for this
purpose.”” In fact, it was suggested that TEN and TDN could be
distinguished by detecting specific impurities like tobacco-
specific nitrosamines, nicotine degradants, and metals in TDN
samples from one hand and synthetic precursors and residual
solvent impurities in TFN samples from the other.”* However,
this approach is challenged by enhanced purity in processing
TFN and TDN products and also by the detection limits of the
adopted analytical methods.

Direct Identification of Nicotine Source. Nuclear Magnetic
Resonance. In 1981, Martin and Martin introduced the site-
specific natural isotope fractionation determined by NMR
(SNIF-NMR) that gives site-specific isotope ratios of *H/'H
(deuterium/proton).”” This technique was later used by the
same group and others to authenticate the source compounds
including vanillin, benzaldehyde, and sugars in juices and wines
among other matrices."’ ~* Martin and co-workers used this
method to analyze nicotine from different regions of the world.””
However, this method was recently criticized because it needs
either a high quantity of the sample or a prolonged runtime, and
also it should be coupled with isotope ratio mass spectrometry to
determine the overall *H/'H isotopic ratio of nicotine.
Alternatively, a site-specific peak intensity ratio NMR (SPIR-
NMR) was introduced to analyze the nicotine source by directly
comparing “H/'H SPIR values derived from 'H and “H NMR
spectra.”’ This technique was used to differentiate TEN from
TDN in natural nicotine samples and synthetic (R)-nicotine and
racemic nicotine but not in tobacco products.

Accelerator Mass Spectrometry. Cheetham and co-workers
explored different techniques to distinguish between TDN and
TFN including screening for impurities (nicotine degradants
and metals), chiral separation of nicotine and nornicotine
enantiomers, and radiocarbon analysis.”> However, only radio-
carbon analysis of "*C successfully differentiated TDN from
TFN in all tested samples. The standard procedure ASTM
D6866 which uses AMS to separate *C from the other two
carbon isotopes (**C and *C) is the most frequently employed
method to determine the radiocarbon content.*® Measuring the
'C content of a sample indicates if the material is synthesized,
biologically derived, or a combination of both. Usually, the
outcome is expressed as% Biocarbon. Purely synthetic
substances derived from petrochemicals will yield a result of
0% Biocarbon, while pure biological substances will give a result
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of 100% Biocarbon. Depending on the proportions of each
source, synthetic materials made from a combination of
petrochemical and biological feedstocks will fall between O
and 100% Biocarbon. As determined in this study, there were
three possible outcomes for the radiocarbon results of the
nicotine analysis. TEN e-liquids had a% Biocarbon of less than
40% whereas TDN e-liquids had a% Biocarbon of 100%.
Accordingly, adulterated e-liquids with TFN being mixed with
TDN will fall between the two extremes (this has not been
detected in any commercially available tobacco product). Yet,
this technique is not selective during separation. It determines
the total% Bio-Carbon of the analyzed sample and not that of
nicotine alone. Thus, this technique requires nicotine extraction
pretreatment.22

Table 1 summarizes the characteristics of the reviewed
analytical methods for the separation of nicotine enantiomers
and the evaluation of nicotine source.

B DISCUSSION AND CONCLUSION

Analytical methods for the enantioseparation of nicotine have
been developed through the years. By scoping the GC methods
included in this review, some studies were outdated due to long
run time (up to 4 h).>*”****** Additionally, two references
reported no complete separation.””® The polarimetry method
was shown to be among the easiest methods, yet the data
analysis could be complicated by the presence of other chiral
compounds such as flavors in the matrix. A common practice
among the different research groups is to combine polarimetry
with other methods to cross-validate the results. The NMR
detection of (R)-nicotine and (S)-nicotine is an easy method to
adopt, but it needs access to an NMR instrument and the sample
should not have any considerable impurities in the low field of
the NMR spectrum (region 8—8.5 ppm). On the other hand,
chromatography methods (i.e., GC and LC) allow for
simultaneous purification of the sample and enantiomeric
separation of nicotine.”” Nonetheless, the reviewed analytical
methods that determine the (R)-/(S)-nicotine ratio can benefit
tobacco regulation if the use of TFN in tobacco products
prevails. This can be also used to study the abuse liability of TEN
tobacco products.

As mentioned before, TDN exists predominately in the (S)-
enantiomer, containing only minor amounts of the (R)-
enantiomer. Thus, if the percentage of (R)-nicotine that is
detected using the aforementioned analytical techniques
exceeds a certain percentage (>1.5%), this indicates that the
tested samples could contain TEN.** Moreover, the “enantio-
meric ratio” and the “impurities” approaches will not be able to
account for the presence of TFN extra-purified samples that are
made only of the (S)-enantiomer. Accordingly, it is suggested
that SNIF-NMR, SPIR-NMR, or AMS methods are used to
confirm the nicotine source.””*"*’
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